Objective: High-resolution magnetic resonance imaging (MRI) was used to compare cortical gray and white matter and CSF volumes in schizophrenia patients with poor outcomes, schizophrenia patients with good outcomes, and healthy comparison subjects.
Results: Compared to the healthy subjects, the overall patient group had a significantly smaller mean cortical gray matter volume and significantly larger mean CSF volume, especially in the frontal lobe and left temporal lobe. The smaller frontal lobe volume in schizophrenia was confirmed for unadjusted volumes and for volumes with adjustment for whole brain volumes. Compared to patients with good outcomes, patients with poor outcomes (Kraepelinian schizophrenia) had significantly smaller gray matter volumes in the temporal and occipital lobes, but no difference between groups was found for total frontal lobe volume. Only 21% of the healthy subjects had volumes 0.5 standard deviations below the mean for healthy subjects in any area of the frontal or temporal lobes, compared with 62% of poor-outcome patients.
Conclusions:
Poor outcome in patients with schizophrenia may be associated with a more posterior distribution (posteriorization) of gray matter deficits across widely distributed cortical regions.
(Am J Psychiatry 2003; 160:2154-2168)
Cor tical gray matter deficits are a frequent finding in schizophrenia. Global gray matter volumes approximately 2%-4% smaller than normal have been reported in metaanalyses of volumetric magnetic resonance imaging (MRI) studies in schizophrenia (1, 2) . Significantly smaller than normal regional volumes in schizophrenia have been reported for the frontal cortex (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) , insula (13, 14) , and superior temporal gyrus (6, 8, (15) (16) (17) (18) (19) . One recent voxelbased morphometry study found focal gray matter density deficits in the right supramarginal gyrus and in the orbitofrontal, superior temporal, occipitotemporal, precuneate, posterior cingulate, and insular cortices bilaterally in patients with schizophrenia or schizophreniform disorder (20) . These widespread deficits have been hypothesized to indicate an abnormality at a supraregional level of brain organization (21) (22) (23) (24) (25) (26) . These findings have been difficult to interpret because only a few of the various brain regions have been examined in each study. Without specific statistical contrasts of frontal and temporal areas with other cortical areas, it is difficult to conclude that the effect in one lobe or one Brodmann's area is greater than that in another. Further, the considerable variation in structural findings in the cortex in schizophrenia might also reflect the etiologic heterogeneity of subjects with schizophrenia in the studies or a sequential developmental change with illness progression. Distinguishing patients with schizophrenia according to outcome may be one strategy to address this etiologic heterogeneity. Three classifications to subtype schizophrenia according to outcome or severity have been proposed (27) . One such classification reliably divides patients into Kraepelinian (poor-outcome) and non-Kraepelinian (good-outcome) schizophrenia subtypes on the basis of longitudinal course (28) . The course of poor-outcome schizophrenia is characterized by severe dysfunctions in self-care with continuous and complete dependence on others for obtaining and maintaining the basic necessities of life, including food, clothing, and shelter. Compared to patients with good-outcome schizophrenia, patients with poor-outcome schizophrenia have been shown to exhibit more severe negative symptoms, more severe formal thought disorder, and poor response to treatment, while no significant differences between the two groups in the severity of delusions, hallucinations, and bizarre behavior have been reported (29) . Our group observed that poor-outcome patients exhibited relatively larger ventricular size, implying greater cortical deficits, compared with good-outcome patients (30) . Several studies have associated severity of negative symptoms with smaller prefrontal volumes (31, 32) . In contrast, severity of formal thought disorder has been associated with abnormalities in left temporal lobe volumes (16; see reference 33 for review). Smaller temporal lobe volumes were seen in more chronic state hospital patients than in less chronic patients (8) . This pattern of prefrontal deficits with negative symptoms and temporal abnormalities with thought disorder is similar to the functional deficits in the frontal lobe/occipital lobe ratio associated with negative symptoms in schizophrenia (see reviews, references 34, 35) and temporal lobe metabolic increases with hallucinations (e.g., references 36, 37) . Thus, differences in the anteroposterior gradient of regional size may be a pattern in schizophrenia that is perhaps most marked in the pooroutcome group. It is also possible that poor-outcome patients have volume deficits in both the frontal and temporal cortices-the "two-hit" hypothesis-while good-outcome patients have changes in only one of the two areas.
In the present study we made a comprehensive analysis of Brodmann's areas in the frontal, temporal, and occipital lobes in a group of patients with schizophrenia and healthy comparison subjects. Our goal was to examine the patterns of volume deficits in individual Brodmann's areas and their association with outcome. While the data could have been divided into several papers, one on each lobe, we felt that presenting all the data together was more efficient and less biased. Rather than to rely entirely on 78 t tests, one for each Brodmann's area in each hemisphere, we developed groupings of areas to examine frontal-posterior gradients, specific prefrontal deficits, and temporal deficits in multivariate analyses of variance (MANOVAs). These groupings of Brodmann's areas were based on already reported deficits in both functional activity and structural volume. First, based on studies by ourselves and others (38) showing less activity in the frontal lobe, compared with the occipital areas, we hypothesized that a frontal-to-posterior contrast of Brodmann's areas between patients with schizophrenia and healthy comparison subjects, as well as within the schizophrenia group between the poor-and good-outcome subgroups, would reveal more marked gradients of gray matter size and/or sulcal enlargement as manifest by larger than normal CSF volume in the patients, especially those with poor outcome. We further specifically tested whether volume deficits are uniform throughout the frontal lobe and whether these deficits differentially affect verbal and spatial processing areas, as we did in earlier functional studies using the same method for assessment of Brodmann's areas (39) . Second, the extensive study of temporal lobe activity and volume differences, perhaps specifically in Brodmann's area 22 or in the medial temporal regions, suggested the need to assess specificity through detailed analysis of the temporal lobe that contrasted these areas with others in the same lobe with visual functions and with areas in the occipital lobe with similar visual functions. Third, we examined whether deficits in volume in both frontal and temporal areas are associated with poorer outcomes. These three types of analyses are presented below as economical ways of organizing our approach to a complete if complex data set.
Method

Subjects
Thirty-seven patients with schizophrenia (27 men, 10 women; age: mean=43.0 years, SD=11.9, range=20-66; education: mean= 12.6 years, SD=1.9) were recruited from the Mount Sinai Medical Center, New York City; the Bronx Veteran Affairs Medical Center in the Bronx, New York; and Pilgrim State Psychiatric Center in Brentwood, New York. Thirty-six patients were right-handed and one was ambidextrous on the basis of evaluation with the Edinburgh Handedness Inventory (40) . The patients were evaluated with the Comprehensive Assessment of Symptoms and History (41) and were given a diagnosis of schizophrenia (N=36) or schizoaffective disorder (N=1) according to the DSM-IV criteria. The mean age at onset of psychotic symptoms for these 37 patients was 21.0 years (SD=6.9), and the mean age for beginning antipsychotic medications was 25.6 years (SD=10.9). The patients' mean number of months of hospitalization was 40.4 (SD=65.0). The age at onset of illness, age at first use of antipsychotic medications, and hospitalization data were not available for one patient. A battery of rating scales, including the Positive and Negative Syndrome Scale (42), was administered. The patients' mean scores on the Positive and Negative Syndrome Scale subscales were as follows: mean=21.0, SD=9.8, for the positive subscale; mean=18.0, SD=7.2, for the negative subscale; and mean=33.3, SD=12, for general psychopathology. Positive and Negative Syndrome Scale scores were not obtainable for one patient.
The patients with schizophrenia were assigned to poor-outcome (Kraepelinian) (N=13) and good-outcome (non-Kraepelinian) (N=24) subgroups on the basis of the clinical criteria of Keefe et al. (29) (Table 1 ). The poor-outcome subgroup was characterized by continuous hospitalization or complete dependence on others to meet basic needs, unemployment, and no evidence of remission of symptoms (30) . Good-outcome patients did not differ from poor-outcome patients in age at first use of antipsychotic pharmacotherapy (t=1.37, df=34, p=0.18). However, pooroutcome patients had an earlier age at onset of the illness (t= 2.22, df=34, p=0.03) and significantly more months of hospitalization (t=6.50, df=34, p<0.0001). The Positive and Negative Syndrome Scale subscale scores of the healthy comparison subjects and the good-and poor-outcome patients were compared by using MANOVA, with the subscale scores as repeated measures. The significant main effect of diagnosis (F=29.38, df=1, 34, p<0.00001) indicated that poor-outcome patients had significantly higher scores on all three Positive and Negative Syndrome
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Thirty-seven healthy volunteers approximately matched in age and sex to the patients (23 men, 14 women; age: mean=44.1 years, SD=13.7, range=22-85; education: mean=16.0 years, SD=3.2) were recruited by word of mouth or advertisement. The proportion of female subjects in the three study groups was similar (38% in the comparison group, 25% in the good-outcome patient group, and 31% in the poor-outcome patient group) (χ 2 =1.12, df= 2, p=0.57). Thirty-four comparison subjects were right-handed and two were left-handed on the basis of evaluation with the Edinburgh Handedness Inventory (40) . All comparison subjects were assessed with the Comprehensive Assessment of Symptoms and History interview to confirm the absence of psychiatric illness in themselves and their first-degree relatives.
Image Acquisition
T 1 -weighted MRI scans were acquired with the 1.5-T Signa 5x system (GE Medical Systems, Milwaukee) with repetition time=24 msec, echo time=5 msec, flip angle=40°, slice thickness=1.2 mm, pixel matrix=256×256, field of view=23 cm, and total slices=128.
Brodmann's Area Measurements and Quantification of Tissue Type
Perry et al. provided a unpublished coronal atlas (R.H. Perry, personal communication, 1993) composed of 33 axial maps of the Brodmann's areas based on microscopic examination of the entire hemisphere of a postmortem brain. Our earlier studies in which the Perry atlas was used (43) (44) (45) described the method in greater detail. Coronal slices perpendicular to the anterior commissure-posterior commissure line were reconstructed in a 256×256 pixel matrix. First, we determined the front (first slice containing the cortical ribbon) and back of the brain (last slice containing the cortical ribbon) and identified 33 evenly spaced slices such that the first slice began 1/34th of the distance from front to back. For each temporal lobe, we identified the temporal pole and the most posterior extent of the sylvian fissure and divided the space into 13 equally spaced slices. The brain edge was obtained on the approximately circular 33 nontemporal slices and 26 (13 in each hemisphere) temporal slices by depositing points visually on the tips of the gyri and then fitting a spline curve to the points. Each slice was then divided into 20 radial sectors on each hemisphere surface and 10 midline sectors (44). Brodmann's areas were then assessed for the gray matter, white matter, and CSF pixels within each sector (see later discussion of segmentation method); means were weighted according to the number of sectors in each region of interest and proportionately combined to obtain a single measure. Some of the smaller Brodmann's areas were combined (e.g., 3-1-2-5) for simplicity.
For gray matter, white matter, and CSF quantification, the coronal images for both the temporal and frontal lobes were segmented into gray matter, white matter, and CSF by using cutoff values individually determined in each subject by examining the within-brain-edge histogram of axial MRI values. Nearly every subject had a clear point of rarity between gray matter and white matter, and 75% of subjects had a point of rarity for gray matter and CSF. For those few subjects missing this second trough, we multiplied the numerical gray scale position (on a 0-255 scale, typically 120-150) by 0.32, the average proportion of the gray scale position that the CSF peak occupied (e.g., 150 × 0.32=47).
Four complementary approaches to validating our gray matter/white matter segmentation were carried out. First, we validated the MRI intensity value histogram peak and trough selection with two raters. The intraclass correlation coefficients (ICCs) for the gray matter, white matter, and CSF components for the two tracers were 0.98, 0.99, and 0.92, respectively, for the 28 subjects included in the pilot data analysis. Second, we used the stereology approach to visually identify gray matter and white matter (46) . We counted points on the frontal coronal sections in 20 individuals and obtained a 0.87 correlation between gray matter volume by visual inspection point-counting and gray matter volume obtained by using automated segmentation. Third, we compared the left and right hemisphere gray matter, white matter, and CSF segmentation values as a rough validator of how our segmentation method identified a reliable whole-brain subject trait from an independent brain area; these ICCs were 0.85, 0.74, and 0.86, respectively. This analysis demonstrates that the final result from segmentation yielded statistically significant separation of the tissue types. Fourth, to assess test-retest reliability over time, we examined MR image pairs obtained 4-6 weeks apart for 16 patients with schizophrenia. The second image in each pair was coregistered to the first (47) . Images were resectioned and the brain edges traced on the first image in each pair. These edges were then overlaid on the second image, and the segmentation program was run by using the gray matter, white matter, and CSF thresholds from the first image. This approach provides the worst-case reliability covering all methods, since it examines segmentation on the second MR image with the edges traced independently on the first and uses threshold values from the first image. We obtained frontal gray matter, CSF, and white matter reliability measures for the middle frontal gyral region (Brodmann's areas 44 plus 45 plus 46); these ICC values were 0.88, 0.77, and 0.75, respectively. Note that measurement of the second scan was entirely automated with coregistration by algorithm and by using the edges and thresholds obtained from the first scan. Interrater reliability for the areas of the coronal slices was 0.98.
Statistical Methods
Three strategies were used in assessing the data. First, we tested specific interregional hypotheses by using groupings based on Brodmann's areas with repeated measures analysis of variance (ANOVA) and MANOVA. From our review of imaging literature, we noted the scarcity of interregional contrasts and the lack of examination of the specificity of group contrasts to a particular area. Four general interregional or intralobe contrasts were obtained. Subgroups of these variables developed on a theoretical basis were entered into multiway repeated measures MANOVAs. The patients' diagnostic categories were used as an independent group factor for the whole population (e.g., schizophrenia patients versus healthy volunteers or good-outcome patients versus poor-outcome patients). The repeated measures were region (e.g., frontal, temporal, and occipital lobe), selected sets of Brodmann's areas (e.g., dorsolateral prefrontal [44-45-46] and occipital [17-18-19] ), hemisphere (right, left), and tissue type (CSF, gray matter, white matter). Group-by-region and higher-order interactions were examined to establish regional differences. Follow-up simple interactions were performed to identify the strongest sources of group interactions. This approach, which provided tests of hypothesized group differences, can help minimize type I statistical error involved with t tests for each area, group contrast, and hemisphere. This approach is similar to strategies used for comparing batteries of neuropsychological test results in patients with schizophrenia and healthy subjects where the tests are grouped on the basis of type of function or where frontal and temporal tasks are contrasted (48) . We computed absolute volumes in mm³ and relative volumes as the ratio of the area of the region of interest to the volume of brain. While ratio measures may not adequately correct for normal variation in intracranial volume, they are more commonly reported. We explored the use of brain volume as a covariate, as recommended elsewhere (49), but obtained very similar results to the ratio data (see the first part of the Results section) and therefore retained the ratio results for comparability. We report both overall F and Rao's R values from Statistica (50). Second, we report exploratory t test analyses for every Brodmann's area (averaged across hemispheres as an analogue of significance probability mapping, which is often used in group contrasts). Third, to test the "two-hit hypothesis" of poor outcome, we assessed whether patients with volumetric deficits in two areas had been assigned to the poor-outcome group. For comparison of proportions of patient groups, the exact probability from binomial proportion tables was used.
Results
Dorsolateral Frontal, Temporal, and Occipital Lobes
Comparison of patients with schizophrenia and healthy subjects. A summary analysis of relative tissue volume in the healthy comparison subjects compared with that in all patients with schizophrenia and of gray matter, white matter, and CSF volumes for the dorsolateral frontal (Brodmann's areas 44, 45, 46) , temporal (Brodmann's areas 20, 21, 22), and occipital (Brodmann's areas 17, 18, 19) lobes for the right and left hemispheres in those regions showed that the patients had less tissue in the left hemisphere ( Figure 1 , left panel), especially in the temporal region (all ANOVA effects and follow-up simple interactions are reported in Table 2 ). This difference was confirmed for both gray and white matter considered separately but not for CSF.
A similar analysis using data on absolute volumes found that patients had larger CSF volumes and smaller gray and white matter volumes than the healthy comparison subjects and that this difference was more marked for gray matter in the temporal and occipital regions and for the left hemisphere. The largest effects were for gray matter in Brodmann's areas 17 and 18 in the occipital lobe and Brodmann's area 20 in the temporal lobe.
Comparison of good-outcome and poor-outcome patients. A summary analysis comparing relative tissue volumes and gray matter, white matter, and CSF volumes for the dorsolateral frontal (Brodmann's areas 44, 45, 46) , temporal (Brodmann's areas 20, 21, 22) , and occipital (Brodmann's areas 17, 18, 19) lobes in good-outcome and poor-outcome patients revealed smaller volumes across gray and white matter in the poor-outcome patients. This difference was more pronounced in the temporal and The same analysis using data for absolute volumes revealed smaller volumes in the poor-outcome patients across gray matter, white matter, and CSF. This effect was more prominent in temporal and occipital regions than in the frontal regions, more prominent in gray than white matter, and least prominent in CSF. The largest group differences in volume were for temporal and occipital lobe gray matter; white matter differences were half as great and CSF differences less than one-fourth as great.
Prefrontal Cortex
Comparison of patients with schizophrenia and healthy subjects. A summary analysis of relative tissue volume and of gray matter, white matter, and CSF volumes for the right and left hemispheres of the prefrontal cortex (Brodmann's areas 8, 9, 10, 11, 12, 32, 24, 25, 6, 44, 45, 46, 47) in the healthy comparison subjects and in all patients with schizophrenia revealed no significant differences between the two groups. A similar analysis using data on absolute volumes found smaller total volumes in the patients with schizophrenia, and this difference was most marked in Brodmann's areas 8, 9, and 25. The simple interaction tests revealed smaller gray matter volume in patients with schizophrenia, compared with healthy subjects, especially for Brodmann's area 9 and, to a lesser degree, for Brodmann's areas 8, 32, 24, 6, and 45, while no significant differences between groups were found for CSF or white matter volumes. An analysis of covariance with whole brain volume as a covariate confirmed the groupby-Brodmann's-area interaction (F=2.67, df=12, 864, p<0.002; Rao's R=1.40, df=12, 61, p=0.19).
Comparison of good-outcome and poor-outcome patients. A summary analysis comparing relative tissue volumes and gray matter, white matter, and CSF volumes for the right and left hemispheres of the prefrontal cortex (Brodmann's areas 8, 9, 10, 11, 12, 32, 24, 25, 6, 44, 45, 46, 47) in good-outcome and poor-outcome patients with schizophrenia found smaller volumes in poor-outcome patients, especially in Brodmann's areas 8, 9, and 6. The simple interaction tests found smaller CSF volumes in poor-outcome patients, especially in Brodmann's area 6 and, to a lesser degree, in Brodmann's areas 9, 32, and 8. The simple interaction tests for white and gray matter volumes produced no significant interactions.
The same analysis using data on absolute volumes revealed no differences between the groups. The simple interaction tests found smaller gray matter volume in the good-outcome group, especially in Brodmann's area 6, and no differences in white matter or CSF volumes.
Functional Organization of the Frontal Lobe
Following a model suggested by P. Goldman-Rakic (personal communication, 2000) based on organizational features of the prefrontal cortex, we contrasted data for spatial/object processing areas (Brodmann's areas 9, 46, 8, and 10) with verbal areas (Brodmann's areas 44, 45, 47, and 11) in a four-way ANOVA.
Comparison of patients with schizophrenia and healthy subjects. A summary analysis comparing relative tissue volume and gray matter, white matter, and CSF volumes for the right and left hemispheres for the frontal lobe spatial (Brodmann's areas 9, 46, 8, and 10) and verbal (Brodmann's areas 44, 45, 47, and 11) functional divisions in patients with schizophrenia and healthy subjects showed no significant differences between the groups. The simple interaction tests for CSF, gray matter, and white matter volumes also did not reach significance.
A similar analysis using data for absolute volumes (Figure 2 , left panel) revealed smaller volumes in the patients with schizophrenia compared with the healthy subjects. The simple interaction tests showed smaller gray matter volumes in the patients with schizophrenia, with no significant differences in white matter or CSF volumes.
Comparison of good-outcome and poor-outcome patients.
A summary analysis comparing relative tissue volume (Figure 2 , right panel) and gray matter, white matter, and CSF volumes for the right and left hemispheres for the frontal lobe spatial (Brodmann's areas 9, 46, 8, and 10) and verbal (Brodmann's areas 44, 45, 47, and 11) functional divisions in good-outcome and poor-outcome patients with schizophrenia showed smaller tissue volume in the good-outcome patients than in poor-outcome patients. No significant differences were found in simple interaction tests for gray matter, white matter, and CSF volumes.
The same analyses using data on absolute volumes produced no significant interactions.
Temporal Lobe
Comparison of patients with schizophrenia and healthy subjects. Both summary and simple analyses comparing relative tissue volume and gray matter, white matter, and CSF volumes for the temporal lobe (Brodmann's areas 42, 41, 22, 21, 20, 36, 28, 35, 27, 29, 30) for the right and left hemispheres in patients with schizophrenia and healthy subjects found no significant differences between the two groups.
A similar analysis using data for absolute volumes showed that the patients had smaller gray matter volumes in Brodmann's areas 22, 21, and 20 and smaller white matter and larger CSF volumes in Brodmann's area 36. Simple interaction tests confirmed smaller gray matter volumes in patients with schizophrenia in Brodmann's areas 22, 21, and 20, and, to a lesser degree, in Brodmann's areas 36 and 28 . No significant differences between groups were found for CSF or white matter volumes.
Comparison of good-outcome and poor-outcome patients. A summary analysis comparing relative tissue volume and gray matter, white matter, and CSF volumes A similar analysis using data on absolute volumes found smaller gray matter volumes in poor-outcome patients, especially in Brodmann's areas 22, 21, and 20, and smaller white matter volumes in Brodmann's area 21.
Temporal Lobe Brodmann's Areas 20, 21, and 22
Comparison of patients with schizophrenia and healthy subjects. Both summary and simple analyses comparing relative and absolute tissue volumes and gray matter, white matter, and CSF volumes for the temporal lobe Brodmann's areas 20, 21, and 22 for the right and left hemispheres in the patients with schizophrenia and the healthy subjects found no significant differences between the two groups.
Comparison of good-outcome and poor-outcome patients. Both summary and simple analyses comparing relative tissue volume and gray matter, white matter, and CSF volumes for the temporal lobe Brodmann's areas 20, 21, and 22 for the right and left hemispheres in good-outcome and poor-outcome patients with schizophrenia revealed smaller gray and white matter volumes and larger CSF volumes in the poor-outcome group, with the most marked effect in Brodmann's area 22 bilaterally for gray matter ( Figure 3 , left and center panels). Simple interaction tests for gray matter volumes confirmed the smaller volumes in the poor-outcome group, which were most marked in Brodmann's area 22 ( Figure 3, right panel) , while results for white matter and CSF volumes did not reach significance.
The same analysis using data for absolute volumes showed smaller gray and white matter volumes in the poor-outcome group and no between-group differences in CSF volumes. Simple interaction tests confirmed the smaller gray matter volumes in the poor-outcome group, which were most prominent in Brodmann's area 22. A simple interaction test for white matter volume did not reach significance (main effect of diagnosis: F=3.85, df=1, 35, p= 0.06; group-by-Brodmann's area-by-hemisphere interaction: F=2.99, df=2, 70, p=0.06; Rao's R=2.91, df=2, 34, p= 0.07). No significant between-group differences were found in CSF volume. 
Auditory and Visual Cortex Regions
Comparison of patients with schizophrenia and healthy subjects. A summary analysis comparing relative tissue volume and white matter, gray matter, and CSF volumes for primary, secondary, and association exemplary areas for visual (Brodmann's areas 17, 18, 19) and auditory (Brodmann's areas 41, 42, 22) cortex regions for the right and left hemispheres in patients with schizophrenia and healthy subjects showed larger CSF volumes in the patients with schizophrenia. Simple interaction tests for gray matter alone revealed smaller volumes in the patients with schizophrenia. Simple interaction tests for white matter found smaller volumes in the right hemisphere and larger volumes in the left hemisphere in patients with schizophrenia. Simple interaction tests for CSF volume produced no significant results. A similar analysis using data on absolute volumes showed smaller gray and white matter volumes as well as larger CSF volumes in the visual cortex in the left hemisphere in the patients with schizophrenia. Simple interaction tests confirmed smaller gray matter volume across the visual cortex region and in Brodmann's area 22 in the auditory cortex in the patients with schizophrenia. Simple interaction tests for white matter alone confirmed smaller volumes in the left hemisphere in the patients with schizophrenia, while no significant interactions for CSF volumes were uncovered.
Comparison of good-outcome and poor-outcome patients. A summary analysis comparing relative tissue volume and white matter, gray matter, and CSF volumes for the primary, secondary, and association exemplary areas for visual (Brodmann's areas 17, 18, 19) and auditory (Brodmann's areas 41, 42, 22) cortex regions for the right and left hemispheres in patients with good-outcome and poor-outcome schizophrenia revealed tendencies toward smaller white and especially gray matter volumes and mann's areas in which the healthy comparison subjects had larger volumes than the patients with schizophrenia are shown in purple and blue, and areas in which they had smaller volumes than the patients are shown in orange and yellow. In the bottom panel, areas in which the poor-outcome patients had smaller volumes than the patients with good outcomes are shown in purple and blue, and areas in which they had larger volumes than the good-outcome patients are shown in yellow. The same analysis using data on absolute volumes showed smaller white and especially gray matter volumes and higher CSF volumes in the poor-outcome group, and this effect was more prominent in the visual cortex. Simple interaction tests confirmed smaller gray matter volumes (especially in the visual cortex) and smaller white matter volumes (most marked across the visual cortex and in Brodmann's area 42 in the auditory cortex) in the pooroutcome group.
Tests of the Frontal-Temporal Two-Hit Hypothesis
Exploratory maps comparing findings for the healthy subjects with those for the patients with schizophrenia and comparing findings for the patients with good outcome with those for the patients with poor outcome are shown in Figure 5 and Figure 6 . Relative volumes in the dorsolateral prefrontal region (Brodmann's areas 44, 45, 46, 47) and in the temporal lobe (Brodmann's area 22, i.e., superior temporal gyrus, and Brodmann's area 20) were expressed as "0" if they were more than 0.5 standard deviations below the mean for the 37 healthy comparison subjects. For the first comparison, we based the variable selection on our earlier analysis in a separate sample (39) and compared individuals scoring 0 for frontal area 46 and 0 for either temporal area 22 or temporal area 20. We found that while only four of the 37 healthy comparison 20, 21, 22, or 38) were combined, only eight of 37 healthy subjects (21%) had two hits, compared with eight of 13 poor-outcome patients (62%) (p<0.005, exact probability test) and 11 of 24 good-outcome patients (45%) (p<0.03, exact probability test). The difference in proportions for the poor-outcome and good-outcome patients was not significant (p=0.16, exact probability test).
Correlation of Gray and White Matter Volumes With Symptom Severity
We examined on an exploratory basis the correlation between relative gray and white matter volumes in the Brodmann's areas and symptom severity assessed with the Positive and Negative Syndrome Scale subscales. Of the 312 possible correlations (involving 39 Brodmann's areas, two hemispheres, two scales, two tissues), a total of 18 correlations, or about 5% of the correlations, were significant (p<0.05, exact probability test). However, of the 11 significant correlations of volume with negative symptom scores, eight were for posterior areas (occipital and parietal) and three were for anterior areas, while all seven significant correlations of volume with positive symptom scores were for anterior areas (orbitofrontal and dorsolateral prefrontal) and none were for posterior areas (p<0.001, exact probability test).
Discussion
Our findings are consistent with the majority of structural MRI studies of schizophrenia (33, 51) in that patients with schizophrenia were found to have abnormalities in the prefrontal gray matter, especially the dorsolateral regions 44, 45, 46, and 47, and in the temporal lobes, especially the superior temporal gyrus, region 22. Our data support the specificity of both dorsolateral and superior temporal gyrus findings and do not suggest generalized, nonspecific volumetric deficits.
The superior temporal gyrus, corresponding to Brodmann's area 22, has been found to have smaller volumes than other temporal lobe regions in schizophrenia in some but not all studies. In the current data, significantly smaller area 22 volumes, compared to medial or inferior temporal lobe volumes, were confirmed for poor-outcome patients but not the entire group of patients with schizophrenia. The poor-outcome patients in the current study are probably more similar clinically to the patients in whom relatively smaller volumes were found in area 22 in a previous study (16) , but this original study did not include a stringent requirement for an ANOVA diagnosticgroup-by-temporal-region interaction for relative data. Our statistical contrasts are consistent with the concept of posteriorization-smaller volumes in more posterior brain regions in patients with more severe symptoms.
Although some studies have reported that smaller gray matter volume in the frontal lobe may be associated with chronicity and severity of the illness (11, 52) , our data show more posterior (temporo-parieto-occipital) abnormalities in these patients. Gur et al. (9) found smaller frontal volumes associated with symptom severity only in women, while temporal lobe volume correlations did not meet the Bonferroni criterion and were not reported (53) . No correlation between severity of thought disorder and temporal lobe volumes was found in a study of patients with schizotypal personality disorder (54) . Our earlier results in a separate group of patients showed smaller temporal lobe gray matter volumes in patients with schizophrenia and in patients with schizotypal personality disorder but no relationship between smaller temporal lobe volumes and symptom severity (55) .
Methodological Issues Associated With Thresholding Segmentation
If our method for determining the segmentation threshold has random error, group differences would be less likely to be significant (note that the total number of pixels is CSF plus gray matter plus white matter). If the threshold is systematically too high or low across all subjects, then significance is transferred to another tissue type (e.g., lost from white matter and displaced to gray matter), although if adjacent types are complementary (e.g., larger white matter volumes and smaller gray matter volumes), some group differences might be attenuated. If threshold interacts with diagnosis (e.g., poor-outcome patients have too many CSF pixels falsely identified as gray matter), then the effects of the interactions involving CSF and gray matter volumes would be diminished, larger CSF and smaller gray matter volumes would not be found, and CSF volumes would appear to be smaller and gray matter volumes larger. Thus, the current pattern of results does not appear to be attributable to random thresholding error or a shift in the threshold of CSF and gray matter in schizophrenia.
Illness Severity and Posterior Cerebral Areas
In this study, severity of illness was associated with profoundly smaller posterior gray matter volumes, whereas frontal lobe deficits were similar in all patients with schizophrenia, regardless of outcome. Furthermore, these structural differences between poor-outcome (Kraepelinian) and good-outcome (non-Kraepelinian) groups correspond to the differences in metabolic rates between pooroutcome and good-outcome patients found in our recent study employing [ 18 F]fluorodeoxyglucose positron emis-sion tomography in a separate group of patients (56) . Parallel to our structural findings of smaller volumes in pooroutcome patients compared to good-outcome patients, the poor-outcome group showed less metabolic activity in the superior portion of the anterior cingulate gyrus, superior and middle temporal regions, and visual association areas (inferior and posterior temporal cortex, Brodmann's areas 18 and 21). At the same time, Kraepelinian patients had lower relative metabolic rates in the temporal lobes, while non-Kraepelinian patients' metabolic rates were similar to those in healthy comparison subjects. However, data for structural temporal lobe deficits in our current study showed that non-Kraepelinian patients had mean values between those for the poor-outcome group and those for the healthy subjects and were less likely to have smaller volumes in both the frontal and temporal regions in the same individuals. These findings suggest that unlike the good-outcome group, patients with poor-outcome schizophrenia cannot functionally compensate for smaller temporal gray matter volumes with either greater temporal or greater frontal function. Thus, gray matter deficits in poor-outcome schizophrenia fall below the threshold of functional compensatory reserve capacities. Poor outcome may arise from the structural deficits beyond the capacities of functional compensation either in adjacent temporal regions or in prefrontal regions, and this pattern appears to be related to having two or more affected regions in both the frontal and temporal lobes.
Two-Hit Model of Poor Outcome
Two aspects of the two-hit defective compensation model need special consideration. Very few healthy subjects showed both a frontal and a temporal Brodmann's area volume deficit, fewer than expected if the areas were entirely independent. However, while a large proportion of poor-outcome patients showed deficits in both areas, more than expected if the areas were independent, 38% of the patients did not have volumes 0.5 standard deviations below the mean for healthy subjects in both areas. While beyond the scope of the current report, further exploration of the distribution of areas of volume deficits and their conjoint probabilities in both patients and healthy subjects may reveal mechanisms of compensation, protection, and vulnerability. The proportions of good-outcome and poor-outcome patients with both a frontal and a temporal volume deficit suggest that the effect is not entirely due to greater symptom severity, since the 0.39 proportion of two-hit patients among the poor-outcome patients is much greater than the expected 0.09 proportion of patients with equally severe symptoms and both frontal and temporal lobe deficits with statistical independence of deficits in the lobes (0.30 of the population is 0.5 standard deviation low; 0.3×0.3=0.09). Second, the group of patients with two hits, which was not exactly the same as the group of patients with poor outcomes, had illness onset 7 years later, received neuroleptics 8 years later, and had 2 more years of education than the patients without two hits. It is possible that there was a slow development of the illness in the group with two hits and that the illness might not have been recognized until the second region was affected. Only longitudinal studies can fully address this surprising finding.
Laterality Findings
The finding that patients with schizophrenia had smaller temporal lobes, especially on the left side, is consistent with a meta-analysis of MRI findings (57) and our own earlier findings for a separate group of patients (55) . This pattern may be associated with larger left temporal ventricular horn volumes, which have been reported to be asymmetric in some (30, 55, 58, 59) but not all (57) studies. This lateralization is most apparent in the left temporal verbal processing areas and is consistent with the many linguistic disturbances in schizophrenia.
In our study, patients with schizophrenia were divided into good-and poor-outcome groups primarily on the basis of their ability to care for themselves (29) , whereas some other studies of outcome in schizophrenia have used duration of hospitalization, chronicity, or predominance of positive versus negative symptoms, making direct comparisons difficult. Contrary to our expectations of the importance of frontal lobe executive functions in the ability to care for oneself, structural frontal lobe deficits did not differentiate between those with impaired and those with preserved abilities for self-care. Poor-outcome patients also showed volumetric deficits in the parietal cortex (Brodmann's areas 39 and 40), a region that is associated with goal-directed motor behavior (60). Thus, it is possible that basic survival skills-e.g., recognizing people, monetary value of things, climate-appropriate clothes, and home as distinct from other locations, as well as shelterseeking behavior, and ability to perform actions involving objects, ability to translate decisions to concrete, goaldirected actions-are more important for differentiation by ability for self-care than positive symptoms or disturbance of executive functions. Our data appear to support the theory of a frontal-to-posterior dimension underlying good-to-poor outcome in schizophrenia, particularly as it relates to self-care abilities, with a posteriorization of gray matter deficits with poor outcome. 
